Abstract. Using the semiclassical perturbation method, electron-, proton-, and ionized helium-impact line widths and shifts for the nine Cr  spectral lines from the 4p 7 P 0 −4d 7 D multiplet were calculated for a perturber density of 10 14 cm −3 and for temperatures T = 2500−50 000 K. The results were used to investigate the influence of Stark broadening effect in the Cr-rich Ap star β CrB atmosphere on line shapes of these lines. It was found that the contribution of proton and He  collisions to the line width and shift is significant and comparable, and is sometimes even larger than electron-impact contribution depending of the electron temperature. Moreover, not only the Stark line width, but also the Stark shift may contribute to the blue as well as to the red asymmetry of the same line depending on the electron-, proton-, and He  density in stellar atmosphere. The results were used to investigate the influence of Stark broadening effect on Cr  line shapes in the atmosphere of the Cr-rich Ap star β CrB.
Introduction
Stark broadening is the most significant pressure broadening mechanism for A and B stars, such that this effect should be taken into account in investigation, analysis, and modelling of their atmospheres. In our previous works (Popović et al. 1999 (Popović et al. , 2001 Dimitrijević et al. 2003) we have shown that Stark broadening may change spectral line equivalent widths by 10−45%; hence neglecting this mechanism may introduce significant errors in abundance determinations. Stark data become extremely important after discovering abundance gradients in the atmospheres of magnetic, chemically peculiar (Ap) stars (Babel 1992; Ryabchikova et al. 2002; Wade et al. 2003) . High resolution spectra allow us to perform stratification analysis using line profiles, and strong lines with developed wings provide us with the most accurate information about distribution of the element through the stellar atmosphere (see Dimitrijević et al. 2003 for Si) .
Chromium is one of the most anomalous elements in Ap stars. It was shown to be concentrated in the deeper atmospheric layers in Ap stars β CrB and in γ Equ (Ryabchikova et al. 2002) , where electron density is high enough to favor the Stark effect. Most Cr  and Cr  lines in the optical spectral region have rather small Stark damping constants so no measurable Stark wings appeared. However, Cr  lines from 4p−4d transitions are known to have fairly large Stark damping constants according to calculations made by Kurucz (1993) .
We present new calculations of Cr  line Stark widths and shifts based on the semiclassical perturbation approach (Sahal-Bréchot 1969a ,b, 1974 Dimitrijević & Sahal-Bréchot 1984a ). Calculation method is described in Sect. 2 and magnetic synthetic spectrum calculations are described in Sect. 3. Results of Stark broadening calculations are given in Sect. 4.1, while an application of new data to spectrum synthesis in magnetic Ap star β CrB is considered in Sect. 4.2.
The Stark broadening parameter calculation
Calculations have been performed within the semiclassical perturbation formalism, as developed and discussed in detail in Sahal-Bréchot (1969a,b) . This formalism, as well as the corresponding computer code, have been optimized and updated several times (see e.g. Sahal-Bréchot 1974; Dimitrijević & Sahal-Bréchot 1984a; Dimitrijević 1996) .
Within this formalism, the full width of a neutral emitter isolated spectral line broadened by electron impacts can be expressed in terms of cross sections for elastic and inelastic processes as
and the corresponding line shift as
Here, λ i f is the wavelength of the line originating from the transition with the initial atomic energy level i and the final level f ; c is the velocity of light; n e the electron density; f (v) the Maxwellian velocity distribution function for electrons; m the electron mass; k the Boltzmann constant; T the temperature, and ρ denotes the impact parameter of the incoming electron. The inelastic cross section σ j j (v) is determined according to Chap. 3 in Sahal-Bréchot (1969b) and elastic cross section σ el according to Sahal-Bréchot (1969a) . The cut-offs, included in order to maintain unitarity of the S -matrix, are described in Sect. 1 of Chap. 3 in Sahal-Bréchot (1969a) .
The formulae for the ion-impact broadening parameters are analogous to the formulae for electron-impact broadening. For the colliding ions, the validity of the impact approximation has to be checked in the far wings.
Line profile calculations
Model atmosphere calculations, as well as calculations of the absorption coefficients, were made with the local thermodynamical equilibrium (LTE) approximation. Model calculations were performed with the ATLAS9 code (Kurucz 1993) , modified by Piskunov & Kupka (2001) to include individual chemical composition of the star in line opacity calculations (see Kupka et al. 2004) .
The next step is to calculate the outward flux at corresponding wavelength points using the given model. For this purpose we used SM code written by Khan (2004) . This code allows synthetic spectra of early and intermediate type of stars to be calculated taking magnetic field effects into account along with stratification of chemical elements.
The computational scheme is as follows. For each line we find the central opacity as
where α ν is the mass absorption coefficient at frequency ν; e the electron charge; g the statistical weight; f i f the oscillator strength for a given transition; χ the excitation energy; n the number density of a corresponding element in a given ionization stage multiplied by partition function; ρ the density and h the Planck constant. The last factor describes stimulated emission. Next, we compute the total damping parameter
Here γ rad , γ Stark , and γ neutral are the radiative broadening, Stark broadening, and damping parameters due to neutral atom collisions, respectively. The values of γ rad , γ neutral , excitation energy χ and oscillator strength g f were taken from the Vienna Atomic Line Database (VALD) (Kupka et al. 1999 ). In the case of neutral atom broadening we assumed that perturbing particles are only neutral hydrogen and helium atoms (Van der Waals broadening). This assumption is applicable to almost all types of stars due to high hydrogen and helium cosmic abundances. We shall discuss competition between the broadenings caused by the Stark effect and by neutral hydrogen collisions in the atmospheres of our template star β CrB in Sect. 4.2. In order to take into account Stark broadening effects we added the approximate formulas Eqs. (20) and (21) (Sect. 4.1) to the code. The Stark width and shift are
where n e , n p and n HeII are the corresponding densities of electrons, protons, and He  ions respectively. The resulting opacity profile is given by the Voigt function (Doppler + pressure broadening). The next step is to solve the transfer equation with new Stark damping parameters. In the presence of magnetic field, atomic level k determined by quantum numbers J k , L k , S k splits into 2J k + 1 states with M k = −J k , . . . , +J k . The absolute value of splitting is defined by field modulus |B| and Landé factor g k , which in the case of LS coupling is calculated as
The possible transitions between split levels (u -upper and llower level) are allowed by selection rules
For a normal Zeeman triplet the subscript p corresponds to the unshifted π component, whereas b and r correspond to the blueand red-shifted σ components, respectively. In the general case of an anomalous splitting, indices p, b, r refer to the series of the π and σ components. The wavelength shift of the component relative to the laboratory line centre λ 0 is defined by
The relative strengths of components S p,r,b in accordance with Sobelman (1977) are proportional to
where the last structure is a 3 j-symbol. The normalization of components is done so that
In a general case the polarized radiation can be described by means of Stokes IQUV parameters. The transfer equation is
Here I = (I, Q, U, V) T is the Stokes vector, K the absorption matrix and J the emission vector,
where 1 is the 4 × 4 unit matrix, e 0 = (1, 0, 0, 0) T , α c the continuum absorption coefficient, α line the line central opacity for zero damping and the zero magnetic field given by Eq. (3). Here we also assume LTE, so that the source function is equal to Planck function B ν (T ).
The line absorption matrix Φ line is created with absorption profiles φ j and anomalous dispersion profiles ψ j of π and of σ ± components in accordance with Rees et al. (1989) . These profiles are calculated as (for j = p, b, r)
where H (a, u) and F(a, u) are the Voigt and Faraday-Voigt functions,
The Stark shift d Stark and the damping parameter γ have been calculated from Eqs. (6) and (4), respectively. The Doppler width ∆λ D is
where m A is the mass of the absorber atom and ξ t the microturbulent velocity. The transfer equation Eq. (12) is solved by the DELO method (Rees et al. 1989 ) with quadratic approximation for the source function, suggested by Socas-Navarro et al. (2000) and written in Fortran by Piskunov & Kochukhov (2000) . Also, we used the fast Humlicek (1982) algorithm for approximations of the Voigt and Faraday-Voigt functions.
Convolution of the synthetic spectra due to stellar rotation was produced by IDL procedure of Valenti & Anderson implemented in the  IDL code by N. Piskunov.
Results

Stark broadening data
The atomic energy levels needed for Stark broadening calculations were taken from Wiese & Musgrove (1989) . Oscillator strengths were calculated using the method of Bates & Damgaard (1949) and tables in Oertel & Shomo (1968) . For higher levels, the method described in van Regemorter et al. (1979) was applied.
The neutral chromium spectrum is complex and not known well enough for a good calculation of the line being considered. The principal problem is the absence of reliable experimental data for f levels. However, by inspecting theoretically predicted Cr I levels in Moore (1971) , one can see that the 4f level is missing. In accordance with the decrease in distance between existing s, p, and d levels, we estimated that the eventual 5f level should be around 52 000 cm −1 and not closer than 50 000 cm −1 . We checked results without 5f level and with a fictive 5f level at 52 000 and 50 000 cm −1 . In all cases, line widths differed by less than 1%, while the shift varies by several percents, so we performed calculations without the contribution of f energy levels. Since the average estimated error of the semiclassical method is ±30%, due to additional approximations and uncertainties, we estimate the error bars of our results to be ±50%.
Our results for electron-, proton-, and ionized heliumimpact line widths and shifts for the nine Cr  spectral lines for a perturbed density of 10 14 cm −3 and temperatures T = 2500−50 000 K are all shown in Table 1 . For perturber densities lower than those tabulated here, Stark broadening parameters vary linearly with perturber density. The nonlinear behavior of Stark broadening parameters at higher densities is the consequence of the influence of Debye shielding, which has been analyzed in detail in Dimitrijević & Sahal-Bréchot (1984b) .
After testing the density dependence of Stark parameters, we found that the width and shift are linear functions of density for perturber densities smaller than 10 16 cm −3 . They can be scaled by the simple formula
where (W, d) N are the width and shift at a perturber density N (cm −3 ) and (W, d) 0 are width and shift given in Table 1 , respectively.
In order to simplify the input of Stark broadening data in the codes for stellar spectral synthesis, we developed an analytical expression for Stark widths and shifts
The constants c 1 , c 2 , A, B, and C are given in Table 2 . We take T as T/(10 000 K). As one can see from the analytical fit in Figs. 1 and 2 , Eqs. (21) and (22) fit the calculated values in both Stark widths and shifts. In some lines here (as e.g. in Cr I λ = 5329.14 Å), the analytical fit in the case of proton 14 cm −3 and temperatures from 2500 up to 50 000 K. Quantity C is given in Å cm −3 and divided by the corresponding full width at half maximum (FWHM), gives an estimate for the maximum perturber density for which tabulated data may be used. The asterisk identifies cases for which the collision volume multiplied by the perturber density lies between 0.1 and 0.5. When it is larger than 0.5 results are omitted. and He  impact broadening parameters does not exactly fit the calculated values (see e.g. Fig. 2 , with a fit for proton-impact shift), but the differences are smaller than the expected error of our calculations (≈±50%).
The Stark broadening effect on the shape of Cr I lines
In spite of the rather large Stark damping constants, the effect is not observable in stars with solar Cr abundance. In hot stars where electron and proton densities are high, the Cr  lines considered here are generally very weak, while in cooler stars (solar type) other broadening effects are more significant where these lines are strong enough. The only chance to look at Stark effect is in stratified atmosphere of a Cr-rich Ap star, such as the well known magnetic star β CrB. Our spectral analysis was based on the β CrB spectrum obtained in February 1998 with the MuSiCoS spectropolarimeter mounted on the 2 m telescope at Pic du Midi observatory (R = 35 000). This spectrum was used by Wade et al. (2001 Wade et al. ( , 2003 in stratification analysis. Starting Cr and Fe distributions were taken from this analysis and were slightly corrected using a set of spectral lines of Cr  Cr  Fe  Fe  with different lower level excitation energies. The adapted distributions are shown in Fig. 3 . Fe stratification is necessary to correctly account for blends.
Synthetic spectrum calculation in our Cr  line regions was performed following the method described in Sect. 3. The surface magnetic field B s = 5.4 kG was derived from the 
Cr I the Solar Flux Atlas (Kurucz et al. 1984) . Improved wavelengths of Cr  lines derived this way agree within 0.005 Å and
better with the precise measurements of J. E. Murray (1992) , kindly provided to us by R. Kurucz 1 . We placed Murray's wavelengths in Tables 1 and 2 and used them in spectral synthesis. We also estimated the contribution of Van der Waals broadening and found it to be one order of magnitude smaller than Stark broadening through the whole atmosphere above log(τ 5000 ) = −0.2 with rapid decrease below the photosphere.
We varied Stark broadening parameters given in Table 1 to achieve a best fit of the calculated Cr  line profiles to observations. Figure 4 shows a comparison between observations and calculations in the region of 3 groups of Cr  lines. For comparison we present synthetic calculations with homogeneous mean abundances log (Cr/N tot ) = −4.80 and log (Fe/N tot ) = −4.15, which were used in model atmosphere calculations (Kupka et al. 2004 synthetic spectrum calculated using stratified Cr distribution and an approximation formula for Stark broadening (Cowley 1971 ). This formula is used in the cases where Stark broadening data, experimental or theoretical, are not available. Evidently, Stark broadening is overestimated when calculations are performed with this approximation formula. For a more detailed investigation of the influence of Stark shifts on the observed line profile, we calculated theoretical spectra with and without shifts for two separate Cr  lines 5297.377 Å and 5298.494 Å in homogeneous and stratified atmospheres of the non-rotating star. These two lines have the smallest and largest shift values, therefore one can make a relative comparison. Figure 5 illustrates the influence of the Stark shift on line shape. The total shift in line position due to the Stark broadening effect is negligible for Cr  5297.377 Å line both in homogeneous and stratified atmospheres. For the second line, Stark broadening leads to a theoretically measurable shift in the line position, in particular, in the case of Cr stratification resulting in a small line asymmetry. Unfortunately, in spectra of real stars, the effect is difficult to measure due to other broadening mechanisms (rotation, magnetic field) and mainly due to severe blending in the regions with Cr  lines from 4p−4d transitions.
Conclusions
Stark broadening parameters for Cr  spectral lines from the 4p 7 P 0 −4d 7 D multiplet were calculated and the influence of Stark broadening effect was investigated in stellar atmospheres for these lines. From our investigation we can conclude:
(i) Although they belong to the same multiplet, the widths and shifts of the different lines can be quite different.
(ii) Contribution of the proton and He  collisions to the line width and shift is significant and is comparable and, depending of the electron temperature, even larger than electron-impact contribution.
(iii) Depending on the electron-, proton-, and He  density in stellar atmospheres, the Stark shift may contribute to the blue, as well as to the red, asymmetry of the same line (see Fig. 2 ).
(iv) To fit Cr  line wings well we need to decrease the calculated Stark widths by 60−70%, which is the same order of overestimation as for Si  lines (Dimitrijević et al. 2003) .
Used in the cases where the adequate semiclassical calculation is not possible due to the lack of reliable atomic data, the approximation formula of Cowley (1971) also predicts the overestimated influence of Stark broadening in comparison with observations.
